. Quality control for the exosome preparations by NTA and protein characterization by western blot analysis for housekeeping markers of exosomes. A) Distribution of exosomes purified from the plasma of CTR, BPH and PCa through NTA. One representative NTA plot showing the size, concentration and distribution of the exosomes preparations obtained from CTR, BPH and PCa plasma samples. B) Western blot analyses of tumor susceptibility gene 101 (Tsg 101, 46 kDa), and cluster of differentiation 81 (CD81, 26 kDa) proteins, performed in total protein extracts of exosomes purified from the plasma of CTR, BPH and PCa patients. Bolded values point to statistically significant correlations: it is immediate to note that, while exosome based measures (NSFC, Log-NSFC, IC-ELISA) are each other correlated, the S-PSA is completely independent from exosome measures. The bolded values correspond to the variables more relevant for the interpretation of components: here it is evident how the first component (PC1) describes the EXO-PSA concentration while PC2 is practically coincident (r = 0.99) with S-PSA, this result points to two independent latent factors as for exosome and serum PSA. Table S3 . Projection (component scores) of the patients in the bi-dimensional space spanned by the two principal components and, by construction, correspond to a rotation of the Log-NSFC / IC-ELISA space explaining the total initial information. 
Study Summary
It is a prospective experimental clinical research study developing from a previous study which showed an increase in PSA expression on exosomes purified from both prostate cancer cell lines (LNCaP) and plasma of patients with benign prostatic hypertrophy and prostate cancer (n = 10). It is a study that is based on the clinical practice practiced in the Department of Urology, UOC A Director Prof A. Sciarra) which does not provide for its implementation nor additional clinical and/or diagnostic examinations for patients or treatment or modification of an ongoing treatment. No funding or additional costs are foreseen for the realization of this project. 
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Background
Prostate cancer is one of the most commonly diagnosed male cancer (with 1276106 new cases diagnosed worldwide in 2018) with 358989 deaths in 2018 (https://gco.iarc.fr). Currently the diagnosis of prostate cancer is mainly based on rectal exploration, Prostate-Specific Antigen (PSA) levels in the blood and eco-guided biopsy. Mass screening based on the PSA assay remains a controversial topic in urological clinical practice. In fact, there is currently no universally accepted cut-off value and a high PSA value.
PSA test was first approved by US Food and Drug Administration in late 1980s to monitor men suffering from prostate cancer and after ten years was accepted as screening test. PSA is a serine protease made by prostatic epithelial cells and it can be elevated not only in prostate cancer cells but also in other prostate diseases, such as benign prostatic hyperplasia, prostatic infection and prostatic infarction (https://www.cancer.gov).
Attempts to increase the sensitivity of PSA as a marker have been in vain since a reduction in its specificity has been achieved causing a problem of "overdiagnosis" and "overtreatment" in the last decade (Hoffman, 2011; Etzioni & Feuer, 2008; Schroder et al, 2009; Draisma et al, 2009 ). PSA test has been exposed and is exposing men to overdiagnosis leading to overtreatment, in turn exposing men unnecessarily to complication and side effects of treatments, including surgery and radiation therapy (https://www.cancer.gov).
PSA values above 4.0 ng per milliliter are considered abnormal, however, cutoff levels can change with age, race and individual fisiological condition. In fact, men without cancer from different ethnic and racial groups have different average PSA concentrations (Hoffman, 2011; Lilja, 1985; Taichman et al, 2007; Etzioni & Feuer, 2008; Schroder et al, 2009 ), and also weight appears to be associated with PSA concentration. In population-based studies of men without prostate cancer, increasing body mass index (BMI) is associated with a lower mean PSA concentration.
Therefore, in clinical practice, it is necessary to identify new biomarkers able to better detect prostate cancer, while simultaneously reducing the number of unnecessary biopsies and the related stress (Andriole et al, 2009; Fall et al, 2009 ).
For about two decades, biomedical research underwent a sort of earthquake by the discovery that the cells of practically all the organs and systems of the human body release micro-sized and nano-sized vesicles, also called extracellular vesicles (EVs). Cancer cells release increased amounts of these nano-vesicles also called exosomes, which represent "shuttles" for a variety of molecules, including proteins and nucleic acids . After their extracellular release, exosomes circulate throughout the body and are detectable in almost all accessible body fluids, including plasma. Of particular interest, the extracellular vesicles released by human tumor cells of different origins express tumor biomarkers usually used in the follow-up of patients with tumors, such as the MART-1 for melanoma or the CEA for colon cancer. Even prostate cancer cells release extracellular vesicles called "prostasomes", which can be detected in the urine or plasma of patients.
Recent studies have shown that circulating exosomes can be characterized and quantified Duijvesz et al, 2015; Logozzi et al, 2017; ). Furthermore, it appears that high plasma levels of exosomes may represent valuable tumor markers (Cappello et al, 2017) .
Therefore, exosomes seem to represent a source of specific biomarkers of potential great impact for clinical practice (Fais et al, 2016 , Shah et al, 2018 and as shuttles for therapeutic molecules as well (Fais et al, 2013) . Exosomes are secreted physiologically by a variety of cells and their release is dramatically increased in tumor cells by some microenvironmental factors, such S6 of S34 extracellular low pH (Parolini et al, 2009) , and independently from their tumor nature (Logozzi et al Cancers 2018) .
Our hypothesis was that exosomes might shuttle PSA and that the exosome-associated PSA may help in distinguishing both healthy and BPH from prostate cancer patients. We tested this hypothesis in a pilot study, where we set up a methodological approach for measuring exosomes expressing PSA in the plasma of prostate cancer patients. First we showed that microenvironmental acidity induced a release of exosomes expressing PSA (Exo-PSA) by a prostate cancer cell line (LNCaP). This result was consistent to the plasma levels of Exo-PSA that was significantly higher in prostate cancer patients as compared to patients with benign prostatic hypertrophy and controls. These data were obtained with two different methodologies: immunocapture-based ELISA and nano scales flow cytometry; together with the use of Nanosight Tracking Analysis (NTA) for quality control of the EVs purification obtained by UC of plasma samples .
The aim of this study was to extend the preliminary data to a clinical investigation performed in 240 individuals: patients with prostate cancer (80), benign prostatic hypertrophy (80) and healthy donors (80); this in order to verify the possibility to use the plasmatic levels of Exo-PSA for both screening tests and the clinical follow-up of prostate cancer.
Rationale and Objectives
A. Rational for the Study. Current Prostate-Specific Antigen (PSA) test does not provide reliable indications of prostatic pathology. We evaluate measurement of exosome-associated PSA (Exo-PSA) as a novel strategy to discriminate benign from aggressive PCa.
B. Expected results. We expect this study to have significant implications for patient health. If there is an increase of exosome-associated PSA (Exo-PSA) from plasma of prostate cancer patients (PCa), we will obtain a novel diagnostic test to discriminate BPH from PCa, without additional clinical and/or diagnostic examinations for patients or treatment or modification of an ongoing treatment, to avoid unnecessary biopsies.
C. Study Objectives The objective of this study is quantify plasma levels of Exo-PSA in patients with BPH and PCa in order to identify a cut-off for future population studies and to validate exosomal quantification as a new screening test non-invasive prostate cancer. We consider this study to be of enormous importance for new and profitable developments in the early and non-invasive diagnosis of prostate cancer.
Primary endpoint
-identification and characterization of plasmatic exosomes expressing PSA in patients and controls -evaluation of differences among PCa patients, BPH patients and healthy subjects in plasmatic exosomes expressing PSA.
Secondary endpoint -Correlation among IC-ELISA, NSFC and serum PSA expression
Study Design
A. Study Population
Patients recruitment
All cases enrolled into the study were consecutively included as out-patients referred to our department of urology on the basis of the inclusion criteria. Patients were correctly informed, accepted to be included in the study and signed an informed consensus prior to each procedure. S7 of S34
Patient assignment to treatment group
Eligible cases were divided in 3 groups: Control cases (CTR), benign prostatic hyperplasia cases (BPH) and prostate cancer cases (PCa).
CTR: 80 male individuals consecutively referred to our department with the following inclusion criteria: age from 18 to 39 years; no clinical evidence of BPH or PCa (digital rectal examination (DRE) and ultrasonography US); prostate volume less than 30 cc; total PSA level less than 1.4 ng/ml; no familiarity for PCa; no therapies that can influence PSA determination.
BPH: 80 male individuals consecutively referred to our department with the following characteristics: age from 45 to 75 years, histologically confirmed diagnosis of BPH; no clinical and pathological evidence of PCa; no therapies that can influence PSA determination (es: 5 alpha reductase inhibitors) PCa: 80 male individuals consecutively referred to our department, aged from 45 to 75 years, with a histologically confirmed diagnosis of prostate adenocarcinoma (prostate biopsy). None of cases were submitted to androgen deprivation therapies or other therapies that can influence PSA determination. All cases were stratified in risk classes (EAU classification) on the basis of total PSA levels, Gleason score and clinical stage
Inclusion Criteria
CTR: male individuals with the following inclusion criteria: age from 18 to 39 years; no clinical evidence of BPH or PCa (digital rectal examination (DRE) and ultrasonography US); prostate volume less than 30 cc; total PSA level less than 1.4 ng/ml. BPH: male individuals with the following inclusion criteria: age from 45 to 75 years, histologically confirmed diagnosis of BPH;
PCa: male individuals aged from 45 to 75 years, with a histologically confirmed diagnosis of prostate adenocarcinoma (prostate biopsy).
Exclusion Criteria
CTR: familiarity for PCa; therapies that can influence PSA determination, acute prostatic inflammation, prostatitis.
BPH: clinical or pathological evidence of PCa (PSA determination, DRE, pathological evidence at biopsy or surgery); therapies that can influence PSA determination (es: 5 alpha reductase inhibitors), acute prostatic inflammation, prostatitis.
PCa: androgen deprivation therapies, chemotherapies, new generation hormone therapies or other therapies that can influence PSA determination; acute prostatic inflammation, prostatitis.
B. Study Interventions
All eligible patients will be offered informed consent, an accurate medical history will be collected and a blood sample will be taken (1 tube of 5 ml). Once collected, the sample will be labeled by the clinical center with an identification code and sent to the Istituto Superiore di Sanità, to the Laboratory of Dr. Mariantonia Logozzi (no later than 2-4 hours) where researchers will be kept and manipulated anonymously in the testing phase with the code assigned by the clinical center. This is an experimental observational clinical research study in which no additional and/or administered drug tests and/or modified therapy are performed. 
C. Duration of the patients recruitment
G. Cost
No additional cost. This is a non-profit study without funding.
Study Methods
Exosomes will be obtained by standard ultracentrifugation (UC) from plasma samples of PCa (n = 80), Benign prostatic hypertrophy (BPH) (n = 80) patients and healthy donor controls (CTR) (n = 80). A quality control of the exosome preparation will be performed by Nanoparticle Tracking Analysis (NTA). Exosome count and characterization will be performed by both immunocapturebased ELISA (IC-ELISA), and Nanoscale Flow-Cytometry (NSFC), for each plasma sample. The statistical analysis will be performed through two main strategies: (i) Computation of pairwise correlation between IC-ELISA, NSFC and serum PSA by means of Pearson correlation coefficient and subsequent generation by Principal Component Analysis of a consensus score summarizing the information shared by the two Exo-PSA methods; (ii) Evaluation of the Receiver Operating Characteristic (ROC) curves in order to evaluate the predictive power of the three different methods for BPH -PCa discrimination.
A. Preparation of Exosomes from plasma of Patients and Controls
To obtain exosomes from plasma samples, EDTA-treated blood from patients with prostate cancer (PCa), benign prostatic hyperplasia (BPH) and healthy donors (CTR) will be centrifuged at 400 g for 20 min. Plasma will be then collected and stored at 80 °C until analysis. Upon thawing, 1 ml of plasma samples will be subjected to the same centrifugal procedure as described in Reference 
B. Assays for plasmatic Exosomes characterization and quantification
Nanoparticle tracking analysis
Nanoparticle Tracking Analysis (NTA) from Malvern (NanoSight NS300) will be used for size distribution and concentration measurements of extracellular vesicles samples in liquid suspension from the properties of both light scattering and Brownian motion . The NanoSight NS300 with a 405 nm laser instrument (Malvern Instruments, United Kingdom) will be used to detect exosomes. Five videos of typically 60 s' duration will be taken. Data will be analyzed by NTA 3.0 software (Malvern Instruments) which is optimized to first identify and then track each particle on a frame-by-frame basis. The Brownian motion of each particle is tracked using the Stokes-Einstein equation: D° = kT/6πηr, where D° is the diffusion coefficient, kT/6πηr = f0 is the frictional coefficient of the particle, for the special case of a spherical particle of radius r moving with uniform velocity in a continuous fluid of viscosity η, k is Boltzmann's constant, and T is the absolute temperature.
2. IC-ELISA for PSA 96 well-plates (Nunc, Milan, Italy) will be coated with 4 µ g/ml rabbit polyclonal anti-CD81 antibody (clone PA5-79003, Thermo Fisher Scientific, USA) in 100 µ l/well of PBS and incubated overnight at 4 °C. After 3 washes with PBS, 100 µ l/well of blocking solution (PBS containing 0.5% BSA) will be added at room temperature for 1 h. Following 3 washes in PBS, exosomes purified S10 of S34 from plasma will be quantified by Bradford assay and then suspended in a final volume of 50 µ l and incubated overnight at 37 °C. After 3 washes with PBS, 4 µ g/ml of a mouse anti-PSA HRPconjugated (clone 5A6, Abcam) will be added to each well and incubated for 1 h at 37 °C. After the final 3 washes with PBS, the reaction will be developed with Blue POD for 15 min (Roche Applied Science, Milan), and blocked with 4N H2SO4 stop solution. Optical densities will be recorded at 450 nm.
PSA calibration curve
A PSA calibration curve was previously described . The PSA calibration curve allows to convert the optical densities of each sample into micrograms of Exo-PSA.
Plastic 96 wells strip plates will be coated with 4 µ g/ml rabbit polyclonal anti-CD81 antibody (clone PA5-79003, Thermo Fisher Scientific, USA) and incubated overnight at 4 °C. After three washes with PBS, we will perform serial dilutions from 50 µ g to 3.1 µ g of LNCaP exosome preparation derived from pH 6.5 medium culture and incubate overnight at 37 °C. Samples will be washed three times with PBS, incubated with mouse monoclonal anti-PSA antibody HRP conjugate (clone 5A6, Abcam) at room temperature for 2 h. Subsequently, samples will be washed three times with PBS 1X and incubated with Blue POD substrate (Roche Applied Science, Milan) for 15 min and blocked with 4N H2SO4 stop solution. Optical densities will be recorded at 450 nm.
Flow cytometry analysis of Exosomes
Exosomes purified from plasma will be diluted in PBS in a final volume of 50 µ l. Anti-human CD81 allophycocyanin (APC) conjugated (Beckman Coulter; Brea, CA, USA) and anti-human PSA fluorescein (FITC) conjugated (clone 5A6, Abcam) or anti IgG2a APC and IgG1 FITC (Beckman Coulter; Brea, CA, USA) will be added to the exosome preparation at optimal pre-titered concentrations and left for 20 min at RT. 500 µ l of PBS will be added to samples before the acquisition on the CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). The cytometer will be calibrated using a mixture of non-fluorescent silica beads and fluorescent (green) latex beads with sizes ranging from 110 nm to 1300 nm. This calibration step enables the determination of the sensitivity and resolution of the flow cytometer (fluorescent latex beads) and the size of extracellular vesicles (silica beads). All samples will be acquired at low flow rate for the same amount of time in order to obtain an estimate of absolute counts of exosomes comparable between various samples. The analysis of the data will be performed with FlowJo software (FlowJo, LLC; Ashland, Oregon, USA) .
C. Statistical Analysis
The sample size is calculated, with a 95% confidence interval, with the following statistical formula:
where the expected prevalence (Patt) is 19% (Italian tumor register) and the precision (D2) is 8.6%. In this study the sample size will be 80 samples per group (CTR, BPH and PCa).
The goal is to establish a cut-off score: scores above the cut-off are called positives (true positives and false positives), while those below the cut-off are called negatives (true negatives and false negatives).
To decide which is the optimal cut-off score, false positives and false negatives must be taken into account. For this purpose, we will construct a ROC curve (Receiver Operating Characteristics), which is plotted in a diagram of reference of coordinate axes in which the abscissa (horizontal axis) is represented by the values of 1 -specificity and the ordinate (vertical axis) is represented by the values of the sensitivity. The area below this curve (Area Under Curve, AUC) represents an index of test accuracy and has the ability to discern between a healthy and sick population.
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Statistical power is the probability of a statistical test to reject the null hypothesis when it is false: the level of significance, i.e. the probability of accepting or rejecting the null hypothesis, has been set at 5%; p <0.05 will be considered as statistically significant, determining the rejection of the null hypothesis.
The discriminant power of the different tests will be assessed by Receiver Operating Characteristic (ROC) curves, allowing to estimate both the average discriminant ability of the test (Area under the curve, AUC) and to select cut-off thresholds maximizing sensitivity (percentage of correctly diagnosed cancer patients) and specificity (percentage of correctly diagnosed hypertrophy patients) (Hanley & McNeil,1982) that, in addition to give a global estimate of the discrimination ability of a diagnostic test, it indicates the most useful threshold to separate the two groups of patients.
Mutual correlations among tests and generation of a consensus score between IC-ELISA and NSFC tests (EXOMIX) will be analyzed by means of Pearson correlation and Principal Component Analysis (Giuliani, 2017) .
The statistical analysis of the results obtained will be performed with the SAS System program 9.4 version.
The analysis of the ROC curves will be performed with Sigma Plot 11.2 version.
D. Experimental scheme
Statistical methods
Simple statistics on total data set: MEANS procedure and Coefficient of variation (CV)
At this first level, we evaluated the coefficient of variation, that is the percentage ratio between standard and average deviation inside the classes which provides a synthetic idea of the 'compactness' of the class itself and therefore indirectly of the goodness of the predictive system (obviously combined with the average difference between the classes). The lower the coefficient of variation, the greater the efficiency of the discrimination method Clinical PSA (S-PSA) is unreliable, in PCa and BPH it even has a coefficient of variation greater than 100%, thus making it useless for diagnosis. Log-NSFC (in this helped by the logarithmic transformation that softens the positive outliers) has the most favorable CV, while IC-ELISA prevails (minor CV) on NSFC. However, it should be noted that the softening of the standard S12 of S34 deviation has the 'counterbalance' of the detail decrease (as can be seen from the fact that in Log-NSFC the classes have averages closer to each other).
Correlation on total data set: Pearson correlation coefficient.
S-PSA is only marginally related to the NSFC value but how this correlation disappears after the latter's logarithmic transformation, suggesting a spurious correlation driven by common outliers. The correlation between NSFC and its logarithm is obvious even if its value is not too high confirms that we did well to do the transform, below we will limit ourselves to this. Finally, the most relevant thing is that the PSA measured on exosomes with IC-ELISA scales well with the NSFC method. This is the most important message of this analysis: the consistency between the two methods of measurement of exosomal PSA and their independence from S-PSA.
Correlation intra-classes.
The intra-class correlations between S-PSA and NSFC are mild and only apparent. This indicates how the relationship is not necessary (valid also on the small scale) but guided by the variation of the pathological state, which implies that the NSFC method and the IC-ELISA method give a different and potentially complementary view (ie they can be helped in a combined strategy) for discrimination. The link between NSFC and its logarithmic transform is instead higher intraclass than on the complete set but this is only a methodological curiosity linked to the compactness inside the classes and therefore to the approach between the scales (linear and logarithmic) with low variability (within classes).
Returning instead to the complete case it is worth identifying the "latent" variables (main components) of the "PSA" system. The main components look for the "correlated directions of variability" within multivariate systems, in other words the "phenomena underlying a certain data field, hereinafter the result of the factor analysis (method = principal component analysis):
Multidimensional analysis: S-PSA, IC-ELISA, Log-NSFC
Initial factorial method: Main components
There are only two latent factors (85% of explained variance): the first factor (component) collects the common information of IC-ELISA and log-NSFC, the second (the components are independent by construction), S-PSA. This is the definitive proof that S-PSA does not have anything to see with Exo-PSA (the factorial pattern shows the correlation coefficient between the initial variables and the components). The third component (not shown here) collects the 'noise' of the data field, while the first (Factor1) is Exo-PSA (common part between NSFC and IC-ELISA, therefore the 'optimal' measure of the Exo-PSA regardless of the method used), the second (Factor2) is instead the S-PSA (independent of the first factor).
Construction of an explicit model of calculation of Factor1 (EXOMIX = consensus between the two estimation PSA methods of the Exo-PSA)
From the above it is interesting to construct an explicit function that allows to estimate the value of Factor1 (which has a mean of zero and unit standard deviation, ie a normalized score) starting from the two IC-ELISA and log-NSFC values (Figure 1) , and is what we will do below: S13 of S34 The (almost) perfect separation between the two classes with EXOMIX > 0 typical of PCa and EXOMIX <0 typical of BPH is already observed at this level.
Discriminating Analysis: IC-ELISA combined with Log-NSFC (EXOMIX).
The linear discriminant analysis generates the 'linear separator mile' between classes allowing an immediate estimate of the accuracy of a diagnostic criterion.
The EXOMIX composite index system is able to identify 100% of cases in BPH class, and 95.24% in PCa class.
Three-class discriminant analysis (PCa, BPH, CTR) with Log-NSFC.
The NSFC method allows us to estimate the Exo-PSA also in the controls, this allows to perform a discriminating analysis with the three classes together: consistently with the quadratic S14 of S34 distances between the groups (PCa, BPH and CTR) there is practically no confusion between the classes PCa and CTR while BPH and CTR overlap very much.
Inferential statistics: the TTEST procedure
The Exo-PSA very well predicts the tumor condition, below the statistical significance: A. Variable NSFC: the two groups (PCa and BPH) are very different in a statistically significant way (averages) with the more variable group PCa (Figure 2) .B. Variable S-PSA: Only the relative variability is significantly different between PCa and BPH while the averages are not (Figures 3 and  7) .C. Variable IC-ELISA: as in the NSFC case, there is a clear significant difference between the two groups (PCa and BPH) (Figure 4 ).D. Variable Log-NSFC: A very significant difference between the two groups (PCa and BPH), the logarithm makes the differences in variability disappear within groups ( Figure 5 ).E. Variable EXOMIX (which is the same as Factor1): is the variable with the strongest discrimination ( Figures 6 and 8) . 
ROC Curves
ROC curve IC-ELISA.
A. ROC Curve IC-ELISA, PCa vs. CTR 
